We review recent experimental work to utilize the size dependence of the luminescence quenching of colloidal semiconductor quantum dots induced by functionalized porphyrin molecules attached to the surface to describe a photoluminescence (PL) quenching process which is different from usual models of charge transfer (CT) or Foerster resonant energy transfer (FRET). Steady-state and picosecond time-resolved measurements were carried out for nanocomposites based on colloidal CdSe/ZnS and CdSe quantum dots (QDs) of various sizes and surfacely attached tetra-mesopyridyl-substituted porphyrin molecules ("Quantum Dot-Porphyrin" nanocomposites), in toluene at 295 K. It was found that the major part of the observed strong quenching of QD PL in "QD-Porphyrin" nanocomposites can neither be assigned to FRET nor to photoinduced charge transfer between the QD and the chromophore. This PL quenching depends on QD size and shell and is stronger for smaller quantum dots: QD PL quenching rate constants k q scale inversely with the QD diameter. Based on the comparison of experimental data and quantum mechanical calculations, it has been concluded that QD PL quenching in "QD-Porphyrin" nanocomposites can be understood in terms of a tunneling of the electron (of the excited electron-hole pair) followed by a (self-) localization of the electron or formation of trap states. The major contribution to PL quenching is found to be proportional to the calculated quantum-confined exciton wave function at the QD surface. Our findings highlight that single functionalized molecules can be considered as one of the probes for the complex interface physics and dynamics of colloidal semiconductor QD.
Introduction
Semiconductor quantum dots (QD), also known as "nanocrystals," are structures with electronic and optical properties that can be engineered through the size of the structure, not just the composition. During the past decade, colloidal QDs from II-VI semiconductor materials such as CdSe have gained considerable interest due to their physical properties originating from quantum confinement [1] [2] [3] [4] . Quantum confinement of charge carriers leads to a wide range of intriguing physical and chemical phenomena and is a new degree of freedom in material design. For instance, advances in the synthesis of semiconductor QDs with controllable size, shape, and optical properties as well as the hybridization of QDs with functional organic ligands make them promising materials for a diverse range of applications including photovoltaics and light emitting devices [3, [5] [6] [7] , quantum computing [8] , biology [9] [10] [11] [12] [13] , and medicine [14] [15] [16] [17] [18] .
Several concepts for the realization of QD-dye assemblies have been reported such as blends [19] , substitution of surfactant molecules by appropriate dyes [20] , tailored polymerdye shells [21] [22] [23] [24] , or nanoassemblies based on self-assembly processes [14, [25] [26] [27] . While quantum confinement is basically understood, the anchoring of functional organic molecules to tunable wide-gap semiconductor colloidal QDs using various approaches is still of considerable scientific and practical interest [9, 11, 15, [28] [29] [30] , as the particular chemical composition of the surfactant shell decisively affects the photophysical properties of the assembly, especially the PL quantum yield. Colloidal QDs are bright emitters and characterized by a large absorption cross-section [2] [3] [4] . However, their photoluminescence (PL) quantum efficiency has shown to be sensitive to a number of influences that originate either from the ligand shell [22] [23] [24] or directly from the QD core [31] , the QD surface [32] [33] [34] , and the surrounding matrix [35] .
In most cases, formation of QD-dye nanocomposites is followed by QD PL quenching, which is studied both on bulk solutions and single-particle detection level. Commonly, this PL quenching is interpreted as being due to photoinduced charge transfer (CT) [36] [37] [38] and/or the energy transfer processes QD → dye [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] . To date, though in most cases ample qualitative evidence for the presence of such quenching processes is given, only limited papers unravel quantitatively that the PL quenching (full or in some cases partly, at least) can uniquely be assigned to CT [49, 50] or Foerster resonance energy transfer (FRET) for bulk solutions [15, 40, 41, 43, [51] [52] [53] and for single QD-dye nanocomposites [47, 48, 54] . From the other hand, PL quenching may be induced by other non-FRET processes [25, 26, 39, 42, 48, 55] as well as may be connected with the involvement of QD surface states [32] [33] [34] or the photoinduced self-trapping of charges in the dielectric medium of the environment of QDs [56] . Finally, the dynamical attachment process on QD PL efficiency in QD-dye nanocomposites may be also the reason of an additional PL quenching [57] [58] [59] [60] [61] [62] [63] [64] [65] .
Correspondingly, from the above considerations, it turned out that in the FRET case for QD-dye nanocomposites, the direct quantitative verification of the energy transfer process as a real reason of QD PL quenching is the comparison of the experimental values of FRET efficiencies obtained, from one hand, via the donor (QD) PL quenching and, from the other hand, via the sensitization of the acceptor (dye or organic ligand) fluorescence. This is often missing in most publications resulting in incorrect assignments of processes and erroneous data evaluation. With these ideas in mind, here we present the detailed photophysical studies of excited states relaxation dynamics for "CdSe/ZnS QDporphyrin" nanocomposites based on steady-state and PL picosecond time-resolved measurements. The aim of this study is devoted to the quantitative analysis of FRET and non-FRET PL quenching for semiconductor CdSe and/or CdSe/ZnS QDs of various sizes. Especially we claim that a unique and quantitative identification of FRET processes requires a detailed investigation of both the QD donor PL quenching and the dye acceptor fluorescence enhancement, since processes other than FRET and CT will cause QD photoluminescence quenching. In the result, we show that a third mechanism clearly distinct from CT or FRET may cause dye-induced PL quenching (non-FRET) and which is QD size-dependent [63] and related to the extension of the wave function of the excition to the outside of the QD [64] .
Although experimental evidence for such QD PL quenching mechanisms causing PL quenching of QDs without a corresponding PL enhancement of the dye molecules attached to their surfaces was reported by Willard et al. for complexes of QDs and tetramethylrhodamine-labeled streptavidin (SAv-TMR) already earlier [65] , such mechanisms have not been quantitatively discussed in other publications.
Experimental Methods
Highly monodisperse CdSe and CdSe/ZnS nanocrystals (or quantum dots, QDs) capped with n-trioctylphosphine oxide (TOPO) were used in order to form semiconductor QDporphyrin heterostructures in toluene (or chloroform) at ambient temperature. The colloidal TOPO-capped CdSe and core/shell CdSe/ZnS quantum dots were obtained from Evident Technologies Inc, Troy, NY, USA. The diameters d CdSe of QD vary between 2.1 and 5.2 nm, while, in most cases, two capping ZnS monolayers were applied. The molar absorption coefficients and core diameters of QDs were calculated from the first exciton absorption peak on the basis of well-proven experimental dependences between the position of the first excitonic maximum in absorption and the nanoparticle diameter [67] [68] [69] . The absorbance of the QD starting solutions was adjusted to be lower than 0.1 OD at excitation and emission wavelengths in order to avoid nonlinear absorption and reabsorption effects. The concentrations varied in the range (1 ÷ 10) × 10 −7 M. Stability and purity of the QD solutions were checked by measuring the quantum yield stability at least over 3 hrs after preparation.
In our studies, (5, 10, 15, 20) -tetra-meta-pyridyl-porphyrin H 2 P(m-Pyr) 4 was chosen as a probe molecule for CdSe QD and CdSe/ZnS core/shell QD covered with 2 ZnS monolayers (ML) [25, 26, 40, 43, 63, 64] . The reason was that among a series of pyridyl-substituted free-base porphyrins, H 2 P(m-Pyr) 4 was found to exhibit the most effective PL quenching of the CdSe QD upon titration. At ambient temperature in toluene solutions, the self-formation of "CdSe/ ZnS QD-porphyrin" nanocomposites is realized via twofold noncovalent ligating coordination Zn· · · N-Pyr of heteroatoms N (in two adjacent pyridyl rings of porphyrin molecule) with Zn 2+ ions (in ZnS core-shell QD), the same key-hole organization principle we have used earlier upon formation of self-assembled multiporphyrin complexes [70] [71] [72] [73] .
Controllable formation of "CdSe/ZnS QD-porphyrin" nanocomposites has been done via multi-step titration as well as one-step (quasistatic) mixing. Titration experiments were carried out by adding to the QD solution at relative molar ratios x = [porphyrin]/[QD] in toluene, thus varying the number of porphyrin molecules on the QD surface. Figure 1 shows a schematic presentation of such a hetero nanoassembly consisting of a QD with the tri-n-octyl phosphine oxide (TOPO) surfactant layer and one H 2 P(mPyr) 4 molecule attached via its mesopyridyl rings nearly perpendicular to the QD surface.
The absorption spectra of QD and H 2 P(m-Pyr) 4 solutions were recorded with a Shimadzu 3001 UV/Vis and Cary-500 M Varian spectrometers, and emission spectra were International Journal of Spectroscopy [66] ) and the scales of CdSe core, ZnS shell, porphyrin, and TOPO molecules corresponding to relative sizes of the main components of the arrays, (c) the ZnS shell thickness for QDs was estimated on the basis of the thickness of one ZnS layer l = 5Å; parameters for conical TOPO molecules r bottom = 5.5Å, h con = 9.9Å; r m = 7.5Å is the radius of porphyrin molecule with opposite pyridyl rings having nitrogens in metapositions, h = 10Å is the mean distance between metanitrogens of adjacent pyridyl rings (HyperChem 4.0, semiempirical method PM3). measured with a Shimadzu RF-5001PC spectrofluorophotometer. Time-resolved photoluminescence measurements were carried out in the time-correlated single-photon counting (TCSPC) mode under right-angle geometry using homemade experimental setup [70, 71] based on a cavity-dumped dye laser (Spectra-Physics Models 375B and 344S) synchronously pumped by a mode-locked argon-ion laser (SpectraPhysics Model 171) for the excitation and a Peltier-cooled R3809U microchannel-plate photomultiplier tube (MCP-PMT Hamamatsu) with necessary monochromator and computer photon counting board for the emission detection.
Results and Discussion

Spectral-Kinetic Experiments.
Typically, the titration of CdSe/ZnS QD toluene solution by a comparable amount of mesopyridyl-substituted porphyrin molecules H 2 P(Pyr) n manifests itself in the QD PL quenching (the relative intensity decrease and decay shortening [25, 26, 40, 43, 63, 64] . This has been interpreted as being due to the formation of nanoassemblies via anchoring porphyrin ligating molecules on the ZnS surface. As mentioned above, the quenching efficiency and thus the probability to form "QD-porphyrin" nanocomposites scales with the number of pyridyl rings having access to the QD surfaces, being the strongest one in the case of tetrapyridyl substituted porphyrin H 2 P(Pyr) 4 . Figure 2 shows typical transformations of absorption and PL spectra of the QD solution as a function of added monomeric tetra-mesopyridyl-substituted porphyrins H 2 P(m-Pyr) 4 at well defined molar ratios x = [H 2 P]/[QD]. It is seen that upon increase of the molar ratio x, a linear increase of the porphyrin absorption bands takes place, whereas, in all cases, the QD absorption (λ max = 556 nm) remains constant. On the contrary, the QD PL emission (at λ max = 585 nm) is considerably quenched upon titration by H 2 P(Pyr) 4 molecules. Time-resolved PL measurements show that the emission of pure QDs without porphyrin ligand is characterized by a nonexponential decay ( Figure 3 ). The interaction with anchored porphyrin molecules manifests itself in the appearance and rise of two additional short-time components (∼7 ns and ∼700 ps). All these facts indicate that in "QD-porphyrin" nanocomposites, PL quenching of CdSe counterpart is a dynamic process caused by the increased nonradiative relaxation channels in the excited states of a nanocrystal. The increase of the solvent polarity (an addition of 32 vol% of polar acetone to toluene) enhances an additional decrease of QD PL by more than one order of magnitude. From typical physical reasons (mentioned in Introduction), the observed QD PL quenching may be commonly interpreted as being due to photoinduced charge transfer (CT) [36] [37] [38] and/or FRET processes QD → dye [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] .
Usually in the FRET case, the direct verification of the energy transfer process as a real reason of PL quenching is the comparison of the experimental values of FRET efficiencies via the donor (QD) PL quenching and the sensitization of the acceptor (porphyrin) fluorescence. Correspondingly for every "QD-porphyrin" nanocomposites under study in this work, the direct comparison of quenching results for QD emission and sensitization data for porphyrin fluorescence was carried out using a complete set of titration points. Using the approach described in [22] [23] [24] 74] , we estimated FRET efficiencies being obtained via sensitization effect. This estimation is based on the comparison of the absorption spectra of the QD-H 2 P mixture solution at every x ratio with the fluorescence excitation spectra of mixed solutions and individual porphyrin (A) solutions at the same molar porphyrin concentration. QD PL quenching data as well as fluorescence excitation spectra (recorded at λ em = 720 nm) have been obtained at every titration step. Thus, at every titration step, FRET efficiencies Φ FRET have been calculated from the direct measurements of the corresponding intensities in fluorescence excitation spectra and optical densities (OD) in absorption spectra using the formula
where I DA corresponds to the porphyrin fluorescence intensity at λ em = 651 nm for "QD-porphyrin" nanocomposites (i.e., for mixed solutions in the presence of both QD and H 2 P(m-Pyr) 4 ), whereas I A is the fluorescence intensity of individual porphyrin at the same molar ratio at two different excitation wavelengths (465 and 590 nm). OD are the corresponding optical densities of the solution at given molar ratio x. The difference I DA (λ ex = 465 nm) − I A (λ ex = 465 nm) reflects the increase of the acceptor emission due to FRET. λ ex = 590 nm corresponds to the wavelength, where the absorption of QD is negligible. In all titration range, Φ FRET values are of order 6-10% and do not exceed 14-17% even at high x values. It should be mentioned also that, beginning from x > 6, there is a saturation tendency for experimental Φ FRET values. Noteworthy, the same differences between Φ FRET values (sensitization effect) and Φ QUENCH efficiencies (quenching effect) have been observed for all "QD-porphyrin" nanocomposites based on H 2 P(m-Pyr) 4 The obtained results demonstrate clearly that FRET is not a dominant reason of QD PL quenching for "QDporphyrin" nanocomposites. In addition, for CdSe/ZnS QD of a given size (d CdSe = 2.6 nm and 2 ZnS monolayers), upon the replacement of H 2 P(m-Pyr) 4 molecules by CuP(m-Pyr) 4 and tetrahydro-porphyrin, THP(m-Pyr) 4 
derivatives (thus changing the overlap integral J(ν)
values by factor of 2.5), the quenching efficiency of QD photoluminescence remains nearly the same [26, 40] . Thus, FRET QD → porphyrin in "QD-porphyrin" nanocomposites is not the only one mechanism of the total QD PL quenching.
Nevertheless, FRET serves as indicator for the formation of the "QD-porphyrin" nanoassemblies.
From the other hand, it follows that, in the case of moderately exergonic nonadiabatic photoinduced charge (hole or electron) transfer [75] , the porphyrin ligand fluorescence in "QD-porphyrin" nanocomposites should be also diminished. Nevertheless, fluorescence parameters (efficiency ϕ F and decay τ) for H 2 P(m-Pyr) 4 molecules upon complexation with QDs remain the same practically with respect to those measured for individual ligands and the same conditions [40] . In addition, the comparative titrations of the same QD solutions by H 2 P(m-Pyr) 4 and THP(m-Pyr) 4 (holes acceptor) ligands as well as by H 2 P(m-Pyr) 2 (Ph) 2 and electron acceptors, H 2 P(m-Pyr) 2 (5FPh) 2 , or H 2 P(mPyr) 2 (Anthraquinone) 2 gives the same curves for QD photoluminescence quenching [26, 40] . Thus, nondependence of QD PL quenching efficiency on redox properties of porphyrin ligands and the absence of the porphyrin fluorescence quenching in "QD-porphyrin" nanocomposites rule out the dominant role of usual photoinduced charge transfer processes with participation of molecular orbitals of porphyrin macrocycle in QD PL quenching for the systems under study.
Following these conclusions in mind, we put our attention on the comparative studies of PL quenching for CdSe/ZnS QDs of various sizes by attached H 2 P(mPyr) 4 molecules in all nanocomposites. It is clearly seen from Figure 5 (a) that the QD relative integrated PL intensity I/I 0 decreases with increasing molar ratio x = [H 2 P(m-Pyr) 4 ]/[QD]. In addition, at the same molar ratios x, the observed QD PL quenching is more effective for small QD than for larger ones. In Figure 5 (b) these quenching data are depicted in Stern-Volmer presentation I 0 /I versus the molar ratio x which is necessary for the subsequent analysis. It is seen that Stern-Volmer plots I 0 /I(x) of these results reveal a nearly linear behavior suggesting that the quenching effect per molecule is approximately constant upon variation of x value during the titration experiment. Correspondingly, we will restrict our following considerations to molar ratios x, where these dependences are linear. This is a concentration range in which on average only a few porphyrin molecules are attached to a QD surface. As was discussed above, QD PL quenching "QD-porphyrin" nanocomposites is due to two contributions (minor FRET and strong non-FRET). The contribution of FRET to the total PL quenching is at most 10% and hence in most cases negligible. Nevertheless, in order to analyze the main properties on the non-FRET quenching process, we have evaluated the FRET contribution in every case. FRET efficiencies Φ FRET have been found using approach described in [22] [23] [24] 74 ] (see (1) and Figure 4) . The corresponding dependences of FRET efficiencies Φ FRET on the molar ratio x for all QDs are shown in Figure 6 . Experimental results are presented for QDs of four different CdSe core diameters with 2 ZnS monolayers and one for uncapped CdSe, respectively.
Analysis of QD Photoluminescence Quenching in "QD-
Porphyrin" Nanocomposites. For the analysis of QD PL quenching curves as a function of the number of porphyrin molecules per QD, the well known was modified. In fact more generally, PL quenching may be described in integrated form as
Here, I and I 0 represent the QD PL intensities in presence (I) and absence (I 0 ) of the attached organic quencher, respectively. In this approach, the Stern-Volmer constant K(x) depends explicitly on the molar ratio x = [H 2 P(m-Pyr) 4 ]/[QD] and may be estimated from the experiment at every titration step as the first derivative of the experimental data (numerical differentiation) plotted in Stern-Volmer representation. The corresponding procedure has been carried out for all "QD-porphyrin" nanocomposites under study. Further, the Stern-Volmer function K(x) is expressed by
where the variable k q corresponds to the total quenching rate constant induced by the attached quencher and τ 0 to the intrinsic PL decay of alone QD in absence of porphyrin molecules. Because of nonexponential decays for QDs under study (what is typical for the most of these objects [2-4, 76]), we are operating with mean values τ . FRET part in QD PL quenching (even minor) has been subtracted in every case. Table 1 collects information on structural and spectralkinetic properties of CdSe and CdSe/ZnS QDs under study as well as FRET and PL quenching parameters for "QDporphyrin H 2 P(m-Pyr) 4 " nanocomposites in toluene at 295 K. For better accuracy, the mean quenching rate constants k q were summarized from up to four titration series for each QD size. It has been found that in the region of molar ratio of x = 0.5 ÷ 8, a nearly linear behavior of Stern-Volmer plots I 0 /I(x) is observed for all QDs. Our calculations according to (3) show that in this region for every given "QD-porphyrin" nanocomposites with fixed QD size, the mean quenching k q values remain constant but differ significantly upon CdSe core diameter d CdSe changing or ZnS shell removing. As it is obvious from Table 1, the quenching rate constant k q characterizing non-FRET and major contribution in QD PL quenching is monotonically decreasing with the QD core diameter increase. For comparison, the CdSe QD without ZnS shell (Snapdragon Orange) shows a much stronger quenching with respect to ZnS core/shell QD (Hops Yellow).
As was discussed above, in case of "QD-porphyrin" nanocomposites, an effective photoinduced charge transfer leading to QD PL quenching could be excluded. For this reason, we will concentrate in the following discussion on the development of a microscopic model for that kind of PL quenching which is-with respect to attached porphyrin molecules-different from FRET or charge transfer. We have shown recently that for this QD PL specific quenching, the detailed nature of the electronic structure of the porphyrins is negligible [26, 40, 77] . Thus, we will pay our attention presumably to those aspects which are related directly to the outer interface of a QD as a function of CdSe core size and ZnS shell thickness.
It is known from previous experiments [26, 40, 66] that the porphyrin molecule attaches via two lone-pair nitrogen orbitals of the pyridyl ring to the QD surface in a presumably perpendicular geometry shown in Figure 1 (a) Nitrogen lonepair orbital is considered to form a coordinating bond with Zn or Cd atoms at the QD surface. Noteworthy, the attachment of pyridine molecule via one nitrogen orbital to QD at the same molar ratio does not manifest in a noticeable PL quenching with respect to pyridyl substituted porphyrins [40] . We apt to believe that the inductive and mesomeric effects (leading to the bond polarization and electronic density shifts [78] ) are characteristic, namely, for pyridyl substituted porphyrin macrocycles (discussed in [40] ) and may lead to the formation of specific sites on QD surface at interface [79] . This distortion of the charge distribution corresponds to the creation of an "effective" charge seen by the exciton and will enhance the nonradiative decay of excitons, showing up as PL quenching or a reduced quantum efficiency. We borrow from currently accepted blinking models [80] the idea that a charging of a QD (or molecule) is the major source of both PL intermittency and PL quenching. In the result, at the outer interface of "QD-porphyrin" nanocomposites, two contributions seem to be important: (i) the presence of specific "binding" sites with a distortion of the charge distribution capable to trap exciton and (ii) the evanescent wave function of the confined exciton "leaking" out of the core (and the ZnS shell) of the QD.
With respect to QDs, it is well known [2, 4, 81, 82] that quantum confinement of the excitonic wave function in its most simple version confines the wave function of the exciton (electron-hole pair) to a spherical box. As in any related quantum mechanical problem, the wave function may extend beyond the imposed barrier or, in other words, the corresponding particle may tunnel through the barrier. Considering hole and electron independently, as the confinement for the latter is much smaller due to its lower effective mass, we may safely assume that the tunneling probability for the electron is higher as compared to the hole. Thus, the following considerations are limited to the behavior of the electron wave function, especially, at the interface between the QD and the functional mesopyridyl group of the attached porphyrin macrocycle.
The general ideas of our model and calculation results are depicted in Figure 7(a) . In addition to the coordination of a mesopyridyl ring to the surface, the electron wave function at the QD outer interface is schematically shown. Imposed by the porphyrin attached to the surface, the electron wave function is locally perturbed due to the specific attachment of mesopyridyl-substituted porphyrin (i.e., the (presence of the nitrogen lone-pair orbital forming a surface state subsequently trapping the electron of the photogenerated exciton). It is assumed that the particular influence of the nitrogen lone-pair to be independent of the QD size.
It follows from above considerations that all observed size dependence of the PL quenching (as expressed by the quenching rate constants k q in Table 1 ) may be directly related to the squared amplitude of the electron wave function at the interface for QD of every size. Correspondingly, the calculation of changes of charge densities therefore reduces to an evaluation of the radial probability function r 2 ψ 2 (r) for the electron as a function of the CdSe core diameter and ZnS shell thickness. To account for the local character of this interaction at r = R+D, where R = 1/2 d CdSe corresponds to the QD core radius and D to the ZnS shell thickness, respectively, r 2 ψ 2 (r) has to be normalized with respect to r 2 , that is, with respect to the total QD surface area. This approximation holds since only point-like interactions at the position of one nitrogen lone-pair orbital are considered in this case. In particular, for the quantitative calculation of ψ 2 (r), we have applied the particle-in-a-box model solving the Schrödinger equation for an idealized QD with respect to the confinement eigen energies [82] . In this model, the effective mass m * a is assumed to be a material parameter which is a function of the radius R. As it has been done in [81, 82] , the single-carrier envelope wave functions ψ a in a spherical core/shell QD were calculated using the Schrödinger equation
Here, the index a = e, h represents electron and hole, respectively. Solutions were obtained by applying continuity relations for the single-carrier wave functions at the interfaces between the CdSe core (i = 1), ZnS shell (i, j = 2), and matrix ( j = 2), respectively, by assuming
The Schrödinger equation was numerically integrated by means of an ordinary-differential-equation (ODE) solver tool for java (RK 4/5 MultiStep) available via OpenSourcePhysics [83] . The ODE solver tool was based on a 4/5-order Runge-Kutta algorithm with variable step width. The results were verified with a second-order Runge-Kutta algorithm implemented in Fortran. Technically, the calculation resembled a shooting method which allows the calculation of wave functions in a one-dimensional or radially symmetric potential landscapes. For the calculations of ψ 2 (r), the following parameters were used: energy barriers of 2 eV for the CdSe/ZnS interface [84] and 4 eV for the ZnS/matrix interface [81] , and relative effective electron masses of 0.13, 0.52 and 1.00 in the CdSe core, in the confined ZnS shell, and in the surrounding matrix, respectively [4, 85] . We assumed a 1s-wavefunction confined in QD. For an even function like 1 s, PSI1 = 1 and PSI2 = 1 are given. The core of a shooting method is the value of the wave function at radial position PSIn + 2 is calculated from the values at PSIn + 1 and PSIn. Accounting for the discontinuities at the interfaces, the calculation of PSIn + 2 was altered to (6) whenever an interface was reached. ZnS monolayers and one CdSe QD without a ZnS monolayers. It can be evidently seen that ψ 2 (r) becomes smaller at the outer interface (marked by a circle) upon increasing QD diameter. The corresponding value is largest for the uncapped CdSe QD (R = 1.8 nm). Our results are quantitatively in close agreement with other calculations [35] considering solvent effects upon optical band gap energies. We can, however, neglect direct contributions to the band gap, since we did not observe any spectral shifts of the PL upon assembly formation [25, 26, 40, 77] . Then, correspondingly, the calculated ψ 2 (r) values for every QD may be directly compared to the observed size dependence of the QD PL quenching for "QD-porphyrin" nanocomposites (as expressed by the quenching rate k q in Table 1 ). This comparison may be presented as follows:
It should be noted in this respect that the constant C contains all specific properties of the binding process and cannot be determined quantitatively in our model. In case that the interaction of the chromophore at the interface may not be approximated by a point-like interaction, the constant C in (7) should be modified to C = A/4πr 2 , where A corresponds an "effective molecular interaction area". Correspondingly, Figure 8 shows the comparison of the experimentally determined quenching rate constants k q with respect to the calculated ψ 2 (r) values both as a function of the QD core diameter 2R and the number of ZnS monolayers. The theoretical lines correspond to calculated ψ 2 (r) values shown in Figure 7 (b), with one and the same proportionality constant C determined in a way that the theoretical predictions for all QD capped with 2 monolayers ZnS agree with the experimental values most closely. It is clearly seen that experimental quenching rate constants k q follow closely the calculated ψ 2 (r) behavior for all nanocomposites based on QDs having n = 2 ZnS monolayers. Thus, this good coincidence between size-dependent PL quenching rate constants and calculated amplitudes of the exciton wave function supports strongly our model that a well defined chromophore-induced surface quenching mechanism other than FRET and/or photoinduced charge transfer is the main reason for QD PL quenching in "QD-porphyrin" nanocomposites. In fact, the dependence of QD PL quenching on the QD size and ZnS shell thickness (induced by only one single mesopyridyl porphyrin molecule at low molar ratios) clearly resembles the tunneling of an electron (through the ZnS barrier) to the outer interface of the QD. Such tunneling is followed by the (self-) localization of the electron-hole pair (due to inductive and mesomeric effects) which opens new nonradiative channels via enhanced electron-photon coupling. The consequence is that the quantum efficiency of the subsequently photogenerated exciton will be reduced. Correspondingly, fluctuating bond formations at the QD surface (followed by changes in local charge densities or formation of surface states) result in fluctuating quantum efficiencies of the QD which are closely related to lifetime fluctuations and blinking observed for single quantum dots [86, 87] .
Additionally, data presented in Figure 8 show that in spite of our model works well for capped CdSe/ZnS QDs, the quenching rate constant k q for the uncapped CdSe (point 1) is experimentally below the theoretically predicted ψ 2 (r) value. The reason for that might be twofold. (i) Due to differences in the binding constant of the chromophore, the Cd· · · N coordination is supposed to be weaker than a Zn· · · N one and thus the average number of porphyrins attached to the surface will be smaller which will be accompanied by a reduced quenching. This implies that we have as compared to ZnS capping to consider a smaller molar ratio x. In case we would be able to correct for this quantitatively, K(x) would increase towards values imposed by our model calculations. (ii) Calculating ψ 2 (r) depends critically on the respective barrier energies at the interface, which are not known with high accuracy.
Finally, the central interpretation of QD PL quenching in "QD-porphyrin" nanocomposites is that already one or a few point-like charge density modifications in the surfactant layer (composed of ligands and the attached chromophore with specific π-electron distribution) will lead to local energy minima that force one of the charge carriers of the exciton to become localized. The participation of localized charges is strongly supported by the observation that porphyrininduced PL quenching significantly increases upon increase of the polarity of the solvent [88] . In addition, previous nanosecond time-resolved PL experiments show that, upon formation of nanoassemblies (in which only a few porphyrins are involved), the overall reduction of the quantum efficiency is accompanied by a shift of the nonexponential PL decay kinetics towards shorter decay times [26, 88] . We like to stress again that the presently discussed mechanism for QD PL quenching is completely distinct from the known mechanism of the photoinduced charge transfer between interacting inorganic and organic counterparts.
Conclusions
We could prove the complexation of tetra-mesopyridyl-substituted porphyrin molecules, H 2 P(Pyr) 4 to CdSe/ZnS or CdSe QD surface by steady-state titration and time-resolved fluorescence measurements. At 295 K, the formation of "QDporphyrin" nanocomposites manifests itself in the QD PL quenching (the relative intensity decrease and decay shortening). At the same molar ratios x = [H 2 P(m-Pyr) 4 ]/[QD], the quenching is more effective for small QDs than for larger ones. It follows from experimental Stern-Volmer PL quenching plots I 0 /I(x) and quantum mechanical calculations for the electron wave functions that the specificity of the exciton nonradiative decay in "QD-porphyrin" nanocomposites is due to the charge tunneling through ZnS barrier in quantum confinement conditions. We have shown quantitatively that a third mechanism clearly distinct from Foerster resonant energy transfer (FRET) and the photoinduced charge transfer between the QD and the chromophore may cause the ligandinduced QD PL quenching (the so-called non-FRET). These observations are in line with the microscopic understanding of blinking phenomena of single QD. The experimental findings and conclusions done on their basis highlight that single functionalized molecules can be considered as one of the probes for the complex interface physics and dynamics of colloidal semiconductor QD. The presented results should be taken into account upon the development of nanosensors based on semiconductor CdSe QDs and organic analytes of various types.
